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INTRODUCTION AND BACKGROUND
The Gyrotron Backward-Wave-Oscillator (Gyro-BWO) is a device that is new to the Air Force Phillips Laboratory. The device has been designed, constructed, and tested in FY92. The device works on the electron cyclotron instability (the so-called 'negative mass' instability) and is a frequency tunable device. The frequency is tuned by means of adjusting the interaction region magnetic field (to be discussed later). Intramode tuning is possible by small adjustments to the magnetic field, and inter-mode tuning is possible by larger adjustments to the magnetic field. The device excites a backward wave (a wave that propogates antiparallel to the e-beam) based on the electron beam (e-beam) and interaction region parameters. Based on these parameters, the backward wave frequency is given by the intersection of the cylindrical waveguide (interaction region) dispersion lines and the e-beam dispersion line. Distinct advantages of the device over conventional BWOs is the simplicity of the interaction region. The interaction region is a smooth cylindrical tube. Conventional BWOs use a periodic structure (either sinusoidal or perhaps a polynomial variation) which can reduce the powerhandling capabilities of the device, and are usually more difficult to construct. Gyro-BWOs have another advantage in that they tend to be less sensitive to e-beam velocity spreads than other standard devices (such as the Gyrotron and especially the Cyclotron AutoResonance Maser [CARM] ). This is advantageous when using a cold-cathode (field emission cathode) diode configuration, since cold-cathodes tend to have poor quality e-beams. For most high-power microwave work, the system requires a high-power e-beam to extract high-power RF. Cold-cathode technology is presently the method a high power e-beam is generated.
The design of the Gyro-BWO is based on previous work done by S. Y. Park, et. aL . Early experimental work involved small currents (<10 A) and low voltages (<100 kV) (Refs. 1, 4, and 5) which produced relatively low powers (-10 kW) but reasonable efficiencies of -15 percent. The work conducted in References 2 and 3 consisted of high-current (250 to 1500 A), high-voltage (500 to 700 kV) Gyro-BWO experiments, with both an annular e-beam (max of about 300 A) and solid e-beam (maximum of about 1500 A). Reasonable power was obtained , but at poor efficiencies (1 to 2%). Theoretical analysis of the Gyro-BWO exists in References 6-8.
ANALYSIS, SIMULATIONS AND DESIGN
A basic analysis of the device can be done based on the decoupled dispersion relation between the interaction cavity (cylindrical waveguide) and the e-beam. The equation for the vacuum waveguide dispersion relation is 2 -k 2 c 2 -k 2 c 2 =0
where c is the speed of light, k, is the cutoff wavevector for a cylindrical waveguide, and kz is the axial wavevector. The equation for the doppler-shifted e-beam dispersion relation is w0-kzvz --SQr =-0 where v. is the axial velocity, s is the harmonic number (s = 1 being the fundamental), and , is the electron relativistic cyclotron frequency given by eB Or= where e is the elementary charge, B is the magnetic field, y is the Lorentz relativistic factor, and m is the mass of the electron. The vacuum waveguide and e-beam dispersion equations are then solved simultaneously to provide the frequency and wavenumber information.
The work done in References 2 and 3 consisted of a TElI (azimuthal variation = 1, radial = 1) mode experiment in the frequency range of 4.5 to 6 GHz. The radius of the interaction region was 1.93 cm, which is rather small and can breakdown at high RF power. The present interest is to have a frequency range of 4 to 6 GHz, but with a larger radius to handle a larger amount of power. Thus it was decided to try to operate in the TEO, mode, which, for a frequency cutoff of The interaction cavity length is 15 cm (based on the magnetic field configuration, to be discussed, and recent experiments done at the University of Michigan Ref. 9 ). Based on the choice of radius and mode operation, the dispersion equations were solved to obtain a magnetic field range to operate at the desired frequency. An example of the dispersion curve with corresponding parameters is shown in Figure 1 frequency intersections are: TEl = 3.25 GHz, TE21 = 3.81 GHz, TE 0 1 = 4.35 GHz, TE 0 2 = None. The observed frequency is that which is being concentrated on in the actual experiments (to be discussed later). The small rectangular boxes are the approximate operating frequencies for the given mode. Mode competition is a problem and will have to be addressed in future experiments.
The original design of the experiment was to use the IMP pulser to provide the e-beam, but due to the availability of the RAMBO pulser (and other experiments being conducted using IMP), it was decided to utilize the RAMBO pulser for the experiment. Only minor design alterations were necessary since the pulsers are similar in voltage and current output. The RAMBO e-beam parameters are voltage = -400 to -800 kV; diode current I to 40 kA; and pulse length = 0.3 to 3 ps. The actual current that reaches the interaction region (called the tube current) varied from 250 to 1000 A, depending on the magnetic field configuration. Due to the large voltage and current parameters to be used in the experiment, a radiation hazard calculation was necessary.
Appendix A shows the amount of x-rays produced at the maximum operating parameters of the experiment.
The actual experimental configuration is shown in Figure 2 . The e-beam is generated from an immersed field cathode (of which the diode field can be varied up to 1.5 kG), travels through the drift tube towards the interaction region where it is adiabatically compressed by the maser magnetic field coils (which can be varied from 3 to 7 kG). The maser magnetic field coils are used to tune the frequency. The e-beam then interacts with the cavity modes, producing a backward wave (if the given parameters are correct). The e-beam leaves the interaction region and is dumped into the drift tube wall by a pair of horse-shoe shaped, 500 G magnets.
The backward wave that is produced in the interaction cavity propagates back towards the diode region where it is partially extracted by a Vlasov-type C-Band (frequency cutoff of 3.16 GHz,
TEl0
[rectangular mode] matched in the frequency range of 3.95 to 5.85 GHz). A calibration to determine the efficiency of the antenna has yet to be done (that is, the ratio of the RF power extracted into the waveguide by the antenna to the RF power actually produced in the drift tube). The nonextracted backward wave continues into the diode region where it eventually dissipates, or in the case of a stainless steel anode screen (or carbon anode screen), the backward wave is absorbed or reflected back towards the downstream end of the experiment. A C-Band standard gain horn is placed on axis -170 cm from the output window to measure any RF signal (note that this is not the optimum position for the TE01 mode pattern, but is set up to measure any TE,1 signal that may exist).
After being partially extracted by the antenna, the RF signal travels through a series of waveguide directional couplers, low-pass, band-pass, and high-pass filters, and is detected by crystal diode detectors. Sample calibration setups for the crystal diodes and the cables are shown Another computer code used was the EGUN code (Ref. 10) , which is an electron trajectory code used for diode design. A spatially varying magnetic field was input based on the measured
•magnetic fields (a short computer program was written to superimpose the two magnetic fields; DC and Helmholtz). An example of an EGUN input data file is included in Appendix F. An annular cathode was designed, with the outer radius chosen in such a way that when the beam traversed the compression portion of the magnetic field, the beam would be focused to ~-1.95 cm (outer radius). This was done since the TErn peak E-field location is located at this radial position in the interaction cavity (which can be found by looking at the peak of the Bessel function in the r direction). The effect is to increase the coupling between the RF wave of the TE 01 mode and the e-beam. From the results of the code runs, it was decided to place a stainless steel anode screen into the experiment to allow for more current to propagate down the drift tube. Figure 8 shows an example of the original diode design (see the figure for parameters). After the anode screen was placed in the experiment, the screen ceased to exist after only a few shots, and it was decided to do away with the screen. This caused a fair amount of the e-beam (up to 90 percent) to be lost by scraping on the drift tube wall, but it also allowed for a higher ox (V.LIVr), which is necessary for a high efficiency Gyro-BWO device. This also shortens the beam pulse and creates a triangular voltage pulse (thus limiting the RF pulse; see Section 4.0) rather than a analysis and design of the Gyro-BWO. Many hours were spent getting the code to simulate the Gyro-BWO. Initial runs had boundary condition problems, in particular the exit boundary in trying to make the beam 'go-away'. It is now felt that an adequate solution to the exit boundary problem has been ascertained. The present simulations appear to imply a growing TE 0 2 forward gyrotron interaction is the dominant interaction (as demonstrated in Figure 9 , with the main frequency at about 10 GHz), which is not what was expected. Figure 9 shows the results of a MAGIC simulation for parameters of Voltage = 550 kV; Current = 5 kA; Magnetic Field = 4 kG; Radius (cavity) = 4.37 cm; Alpha = 0.5. Both figures are the E9 component located at the output end of the simulation. The left figure in Figure 9 is the time history of the exit boundary Ee component of the RF wave which shows that the RF wave saturates. The right figure in Figure 9 shows the frequency spectrum of the left figure in Figure 9 , showing the 10 GHz frequency is dominant. Time (ns) Frequency (GHz) Figure 9 . MAGIC simulation results.
Expected dominate frequency was around 4 to 5 GHz (TEO, mode). Diagnostics placed at the entrance end of the tube in the simulation show similar results (not shown). The belief that this is a TE0 2 forward gyrotron interaction is deduced from the dispersion curve in Figure 1 . One possible reason for the TE02 mode being dominant may be the amount of current (5 kA) used in the simulation. Simulations are continuing to investigate this possibility. At present, the experimental diagnostics have not been set up to observe any RF in the 9-to 12-GHz range. This will be done in the future.
3.0 EXPERIMENTAL RESULTS The experiment was constructed and configured for operation late in FY92. The first shots on the machine were taken in early September. This did not allow for ample data taken in FY92. The initial results were encouraging and demonstrated that the device is working correctly, although the device is far from optimized. Initial results concentrated on the frequency range of 4.0 to 4.4 GHz. Figures 10 and 11 show some typical data obtained from the intial experiments. The diode magnetic field for Figures 10 and 11 was -500 G and the interaction magnetic field was -4.3 kG. Figure 10 has a Marx voltage trace, a current trace of the current inside the cavity interaction region, and an extracted microwave signal. Notice that the voltage pulse is triangular, which is due to diode closure effects. The optimum voltage pulse would have at least a 500-to 600-ns flat-top. Also note that the current is only 250 to 300 A, approximately 10 to 15 percent of the measured cathode shank current (not shown) of -2200 A. This implies much of the current is lost somewhere in the experiment, probably colliding into the drift tube wall. Inspection of the drift tube section proved that the beam was colliding with the wall, and this was probably causing the triangular voltage pulse. An improved diode configuration will be tested at a later date.
The data shown in Figure 11 demonstrate that most of the detected RF signal lies within the freqeuncy range of 4.0 to 4.4 GHz. The upper left plot in Figure 11 shows the detected signal in the frequency range of 2.6 to 3.95 GHz (it has an effective lower range cutoff of 3.2 GHz, since this is the cutoff of the C-Band waveguide, but the band-pass filter used actually had a frequency range of 2.6 to 3.95 GHz). The lower left plot in Figure 11 shows the detected signal in the frequency range of 4.0 to 4.4 GHz. The lower right plot in Figure 11 shows the detected signal in the frequency range of 3.2 to 6.8 GHz.
Initial frequency tunability was also demonstrated by varying the magnetic field and observing the detected RF signals in the given band-pass filter diagnostics. As the magnetic field was increased above the 4.3 kG used for the data obtained in Figures 10 and 11 , the detected RF signal in the 4.0 to 4.4 GHz band-pass filter decreased and eventually disappeared, whereas the detected RF signal in the 3.2 to 6.8 GHz band-pass remained, albeit at a lesser power. Essentially no signal was seen in the 2.6 to 3.95 GHz band-pass filter. This result demonstrated two things: (1) The RF signal is magnetically tunable and (2) the device is truly operating as a Gyro-BWO. The second result can be deducted from the dispersion curve plot shown in Figure   1 . As the magnetic field is increased, the intersection between the waveguide mode and the ebeam also increases (on the backward wave side; that is, k. < 0). Note that this is not true in the case of a gyrotron forward wave interaction, where the frequency would decrease as the magnetic field increases. Thus the oscillation is from the backward wave instability. Initial extracted power from the data shots ranged from 0.1 to 2 MW (±3 dB). Tune (ns) Figure 11 . Typical data obtained from the experiment. These data were obtained as part of Figure 10 (that is, the data was obtained on the same shot as Figure 11 ).
CONCLUSIONS AND FUTURE WORK
A Gyro-BWO high-power microwave (HPM) device was designed and constructed in FY92 and initial testing of the device was begun. Initial data have shown that the oscillation produced in the device was from that of the Gyro-BWO instability, and that there is magnetic tunability of the frequency. Power extracted (only power that existed in the waveguide detection system was measured; not the actual power of the device itself since a complete calibration of the Vlasovtype antenna has not been done) was shown to be -0. 1 to 2 MW (±3 dB), and that the frequency was able to be chosen between 4.0 to 4.4 GHz by adjusting the magnetic field. Several problems were encountered, one of which being diode closure which limited the pulse length of the RF signal.
Many unanswered questions about the Gyro-BWO still exist. With approximately only 50 to 100 data shots taken for FY92, the Gyro-BWO still needs intensive study and many issues associated with the present device need to be addressed. The first and foremost issue, expected to be completed in FY93, will be to concentrate on lengthening the RF pulse length. This is a must in terms of increasing the amount of energy contained within the RF pulse. Another issue is how much power can be extracted. An additional Vlasov-type C-band antenna will be placed 90 deg.
(azimuthally) from the present Vlasov to investigate additional power extraction and perhaps mode identification (also scheduled to be completed in FY93).
Other isssues (to be addressed sometime in the future, but not necessarily in FY93) are (1) interband tunability, in terms of how small (or large) a change in the magnetic field before mode 'hopping' (that is, changing from a TEot to a TEo2 mode) occurs; (2) different power extraction techniques, in terms of reflection type Gyro-BWO designs versus using Vlasov antennas. This may be necessary if frequency tunability is required that goes 'out of band' for a specific waveguide; (3) continue to increase the interaction tube current which is also required in terms of both absolute power and energy available for extraction from the e-beam; (4) intraband tunability to increase the frequencies available for extraction (for perhaps 8 to 10 GHz, or even higher), and how the power availability is affected by moving from one mode to another; and (5) mode stability. That is, how stable is the chosen mode; is there a lot of competition from other modes, what percent of the RF pulse is only such and such a mode, etc.
As can be seen from the above listing, the present Gyro-BWO device has only just begun to be investigated and that there are still many issues to be addressed in future work. Initially, a frequency range of interest is selected, corresponding to a start and stop frequency on the sweep oscillator, and this signal is displayed on a Tektronix 7603
Oscilloscope to determine the relative flatness of the diode detector signal over this frequency range (4-5 GHz for example). A center frequency (4.5 GHz for the diode data in Table B . 1) is then chosen to begin taking data for the diode detector. Table B . I has an example of data obtained using the above configuration for crystal diode detector #1. 
Appendix C

Sample Cable Calibration
The cable calibration configuration is shown in Figure C. 1. This calibration is used to find the attenuation of the data cables for a given frequency sweep. The cables are those that run from the experiment to the screen room and any others that need to be calibrated.
Since the cables are 30 to 45 m, the attenuation factor can be rather large (20 to 30 dB). An HP 8757A (or D) is used for the cable calibrations. The HP 85025A detector and its attached cable are 'zeroed out' by connecting to the HP 85027C Directional Bridge and taking a frequency sweep measurement. A frequency range of interest is specified and then a frequency sweep measurement is taken. This is used as a zero reference point. Next, a cable that needs to be calibrated is connected between the detector and directional bridge, and a measurement is taken. The following contains the ASYST scope channel setups and the ASYST generated crystal diode equations (see Appendix B for further information on crystal diode calibrations). 
